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Tip-enhanced nano-spectroscopy and -imaging, such as tip-enhanced photo-
luminescence (TEPL), tip-enhanced Raman spectroscopy (TERS), and oth-
ers (1–4), have become indispensable from materials science (5–7) to single-
molecule (8–11) studies. However, the techniques suffer from inconsistent per-
formance due to lack of nanoscale control of tip apex structure, which often
leads to irreproducible spectral, spatial, and polarization resolved imaging. In-
stead of refining tip-fabrication to resolve this problem (12–14), we pursue the
inverse approach of optimizing the nano-optical vector-field at the tip apex via
adaptive optics. Specifically, we demonstrate dynamic wavefront shaping of
the excitation field to effectively couple light to the tip and adaptively control
for enhanced sensitivity and polarization-controlled TEPL and TERS, with
performance exceeding what can be achieved by conventional tip-fabrication
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and optimal excitation polarization (15, 16). Employing a sequence feedback
algorithm (17), we achieve ∼4.4×104-fold TEPL enhancement of a WSe2 mono-
layer which is >2× larger than the normal TEPL intensity without wavefront
shaping, as well as the largest plasmon-enhanced PL intensity of a transition
metal dichalcogenide (TMD) monolayer reported to date (18). In addition,
with dynamical near-field polarization control in TERS, we demonstrate the
investigation of conformational heterogeneity of brilliant cresyl blue (BCB)
molecules as well as the controllable observation of IR-active modes due to
a large gradient field effect (19). Adaptive tip-enhanced spectroscopy and
imaging thus provides for a new systematic approach towards computational
nanoscopy making optical nano-imaging more robust, versatile, and widely
deployable.
Despite a range of groundbreaking discoveries with advances in TERS and TEPL, even in the
strong coupling regime (20,21) and with atomic-resolution (8,10,11), many practical challenges
still remain for facile and widespread implementation of tip-enhanced nano-spectroscopy. Even
under the same illumination conditions, the plasmonic tips often do not show uniform local
field enhancement and the enhancement differs from tip to tip, since the apex size, shape, and
surface roughness are difficult to control at the nanoscale. Similarly, controlling the vector-field
and mode profile at the tip apex has remained challenging (4).
Hence, the ability to manipulate the excitation-field distribution at the apex consistently
and in a deterministic fashion is highly desirable to provide for more reproducible TERS or
TEPL enhancement, as well as engineer the polarization state of the tip-enhanced near-field.
This precise control of the tip-surface plasmon polariton (SPP) can extend the reach of near-
field microscopy into a broader range of symmetry-selective nano-spectroscopy and -imaging
applications, e.g., molecular orientation, excitons in van der Waals materials, quantum state
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selectivity, disorder, crystallinity, and ferroic order.
Recently, adaptive computational imaging approaches with deep learning algorithm have
been permeating into almost all modalities of far-field optical imaging (22), ranging from as-
tronomy to optimize spatial resolution and correct aberrations (23) to super-resolution biolog-
ical imaging (24) and single atom imaging (25). These approaches not only allow to develop
novel optical instruments, e.g., for polarization control (26) and phase-resolved imaging (27),
but also can establish a new field of research, e.g., adaptive optical imaging in turbid media (28).
However, despite these major benefits, these methods have not yet been applied for tip-enhanced
near-field nano-spectroscopy and -imaging where they are expected to provide equal advances
to the field.
In this work, we demonstrate modulating spatial coherence and polarization of the incident
wavefront controlled by adaptive optics algorithms in tip-enhanced spectroscopy. In the imple-
mentation of adaptive TEPL (a-TEPL) and adaptive TERS (a-TERS), we demonstrate major
and consistent improvement in field enhancement and a robust nano-optical response with full
polarization and gradient field control.
Tip-enhanced near-field spectroscopy with dynamical wavefront shaping
Our experiment is based on a home-built tip-enhanced nano-spectroscope, with bottom-illumination
and -detection as shown schematically in Fig. 1a. With wavefront shaping by a spatial light
modulator (SLM), we can dynamically manipulate the tip-SPP characteristics, such as ampli-
tude, phase, and polarization (see Methods for details). We achieve this tip near-field control
based on the underlying mechanism of dynamical SPP manipulation, as demonstrated recently
for the plasmonic metal films (29–32). Briefly, the SPP characteristics can be modulated de-
pending heavily on the spatial coherence and wave-vector condition of the incident beam (see
SI for details).
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Figure 1: Adaptive nano-scope for vector-field controlled tip-enhanced nano-spectroscopy
based on dynamic wavefront shaping. (a) Schematic diagram of the experimental set-up. For
wavefront shaping, a He-Ne laser (λ = 632.8 nm) is spatially filtered and expanded to overfill
the active area of spatial light modulator (SLM). The wavefront-shaped beam is imaged onto
the back aperture of an objective lens (OL) in a 4f system for dynamical manipulation of the tip-
SPP. Abbreviations: single-mode fiber (SMF), half-wave plate (λ/2), polarizing beam splitter
(PBS), beam splitter (BS), dichroic mirror (DM), tuning fork (TF), and edge filter (EF). (b)
Evolution of TEPL intensity of a WSe2 monolayer during the optimization of spatial phase
mask (PM) by a stepwise sequential algorithm. With the optimized PM, >2× stronger TEPL
response is obtained compared to conventional TEPL set-up. PMs in (b) are illustrations (see
SI for real PMs we used).
To determine the optimal near-field polarization state for a specific symmetry-selective
TEPL or TERS signal, we design and operate a feedback loop based on a stepwise sequen-
tial algorithm (17). Fig. 1b shows the wavefront optimization process with spectrally integrated
TEPL intensity for bright excitons of a WSe2 monolayer. For wavefront shaping, we divide
600×600 pixels of the SLM active area into 12×12 segments, and control the temporal phase of
each segment independently ranging from 0 to 2pi. The algorithm starts with a random phase
mask to eliminate the local optimum problem (17), even though the initial TEPL intensity is
decreased compared to the signal with the flat wavefront. We then determine the optimal phase
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Figure 2: Finite-difference time domain (FDTD) analysis of wavefront shaping the tip
apex field. (a, c) Simulated in-plane (Ex) and out-of-plane (Ez) optical field distribution with
respect to the spatial phase variation (∆ϕ, see Methods for details). (b, d) In-plane (|Ex |2) and
out-of-plane (|Ez |2) optical field intensity profiles at the horizontal plane 1 nm underneath the
tip derived from (a, c). (e, f) Comparison of Ex and Ez optical field distribution for optimal
(left) and conventional (right) excitation polarization conditions by wave-vector variation (∆θ,
see Methods for details). (g) Optical intensity profiles at the horizontal plane 1 nm underneath
the tip derived from (e, f), exhibiting significantly reduced excitation rate in the conventional
experimental condition.
of the first segment providing the maximum TEPL intensity through an intensity feedback al-
gorithm as a function of phase delay. This process is sequentially repeated for 144 (12×12)
segments to find the optimized spatial phase mask, which provides the strongest TEPL signal
(see SI for details). Note that the optimization converges after completing a single cycle of the
algorithm (see SI for details).
Simulated wavefront shaping effect in localized field enhancement
To determine how the wavefront shaping leads to an optimized field enhancement, we calculate
the optical field distribution in the vicinity of the Au tip for different excitation conditions using
finite-difference time-domain (FDTD) simulations. Since the wavefront shaping can improve
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the spatial coherence, as well as the momentum mismatch by making an arbitrary polarization
optimized for the Au tip, we perform the simulations separately for these two conditions (see
Methods for detail). Fig. 2a and c show the in-plane (Ex) and out-of-plane (Ez) optical field
maps with respect to the phase delay (∆ϕ) of incident wavefronts ranging from 0 to pi. As
expected, both Ex and Ez field confinement becomes weak as the spatial coherence becomes
worse. This result can be easily understood by the superposition principle of the waves. Fig. 2b
and d show the in-plane (|Ex |2) and out-of-plane (|Ez |2) optical field intensity profiles at the
horizontal plane 1 nm underneath the tip which indicate the excitation rate for TEPL and TERS
experiments. Notably, the excitation rate for ∆ϕ = pi is decreased less than half compared to the
optimal condition (∆ϕ = 0).
To understand the effect of polarization, we then simulate the Ex and Ez distributions with
an optical source having wave-vector variation ∆θ = 100◦, as shown in Fig. 2e and f. The
calculated field maps clearly show the significance of polarization (or momentum) matching
in tip-enhanced nano-spectroscopy. Since we necessarily use focusing optics, e.g., objective
lens and parabolic mirror (9, 33), for the tip excitation, the simulated deterioration in the field
enhancement is unavoidable. For example, we use an objective lens with NA = 0.8 and we
estimate the wave-vector variation of ∼100◦ for the excitation beam. In this case, we expect the
excitation rate will be an order of magnitude lower than the ideal polarization condition, as can
be seen in Fig. 2g. Therefore, the dynamic wavefront shaping with feedback of TEPL or TERS
signal can significantly reduce this loss by facilitating an arbitrary polarization optimized for
the tip.
Adaptive tip-enhanced PL and Raman responses of a WSe2 monolayer
Fig. 3a shows a comparison of far-field PL (black) and TEPL spectra of a WSe2 monolayer
with conventional excitation (blue) and with wavefront shaping by the optimized spatial phase
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Figure 3: Augmented TEPL and TERS responses through the wavefront optimization
process. (a) Comparison of far-field PL (black) and TEPL spectra of a WSe2 monolayer
without (blue) and with wavefront shaping (a-TEPL, red). (b) Evolution of a-TEPL spectra as
a function of distance d between Au tip and the crystal (WSe2 monolayer), exhibiting gradual
PL enhancement through the tip-enhanced and gap-enhanced regions. (c) a-TEPL image of
a WSe2 monolayer on Au film, and (d) a-TEPL intensity profile indicated as a blue line in
Fig. 3c, showing a spatial resolution of ∼14 nm. The same Au tip and sample were used for the
results of Fig. 3a-d. (e) Comparison of far-field Raman (black) and TERS spectra of a WSe2
monolayer without (blue) and with wavefront shaping (a-TERS, red) with Lorentz profile fit.
Raman active E1g, A(M), and A1g + E12g modes are observed. See SI for real PMs we used for
the measurements (a) and (e).
mask (a-TEPL, red). Since excitons spread over the 2D crystal with fully in-plane electric
dipole moment, we believe the in-plane polarization component of the tip-SPP is maximized
through the wavefront shaping, in addition to the effect of the optimally shaped wavefront for
the Au tip. Fig. 3b shows the spectral evolution of a-TEPL response with respect to the distance
between Au tip and the crystal on Au film. a-TEPL gradually increases from d = 10 nm to 5
nm owing to the localized antenna effect of Au tip, and is further enhanced at d < 5 nm by
the strong interaction between tip-dipole and image-dipole, which shows a similar behavior to
the normal TEPL response (6). We then obtain a-TEPL image of a WSe2 monolayer with the
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same Au tip to quantify the spatial resolution, which is needed to estimate TEPL enhancement
factor. a-TEPL image shows a heterogeneous response due to the Au substrate effect (Fig. 3c)
and a spatial resolution of ∼14 nm is confirmed, as shown in Fig. 3d. With the measured far-
field and TEPL spectra (Fig. 3a), we calculate TEPL enhancement factor after compensating
the area difference occupied by the laser focus and the tip near-field (see SI for details). We
obtain ∼ 4.4 × 104-fold intensity enhancement with a-TEPL compared to far-field PL which is
>2× larger than the normal TEPL intensity without wavefront shaping, as well as the largest
plasmon-enhanced PL intensity of a transition metal dichalcogenide (TMD) monolayer reported
to date (18). Note that, in our experiment, far-field PL intensity is generally increased ∼10%
with the wavefront shaping compared to the normal excitation case. In the case of using a
radially polarized excitation beam, we also observe a significant increase in a-TEPL signal
compared to the TEPL signal without the SLM (see SI for details) showing that this effect is
not dependent on type of excitation beam polarization. Besides, the optimized phase mask for
tip-enhanced measurement differs from individual Au tip to the next. These features indicate
that the augmented TEPL response is mainly attributed to the tip-SPP control rather than the
improved focusing quality of the excitation beam.
We then perform TERS experiments for the same sample to understand the wavefront shap-
ing effect for Raman responses. Fig. 3e shows far-field Raman (black) and TERS spectra with
conventional excitation (blue) and with wavefront shaping by the optimized spatial phase mask
(red). The observed peaks at ∼187 cm−1, ∼238 cm−1, and ∼253 cm−1 correspond to E1g (in-
plane vibration of Se atoms), A(M) (asymmetric phonon mode at the M point), and A1g + E12g
(degenerated mode for out-of-plane vibration of Se atoms and in plane vibration of W and Se
atoms) modes (34,35). The feedback process determining the optimal phase mask is performed
for TERS intensity of the most prominent A1g + E12g mode, and the obtained phase mask is
totally different to the phase mask for a-TEPL measurement in Fig. 3a since the optimization
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target is different. Through the wavefront shaping (a-TERS), the peak intensity of A1g + E12g
mode is increased >2× compared to the normal TERS result, whereas TERS intensity of E1g
mode (in-plane) is slightly decreased. This result indicates that the tip-SPP is optimized to
maximize the out-of-plane vibrational mode (A1g), in contrast to the near-field polarization for
in-plane excitons (Fig. 3a). The reproducibility of a-TEPL and a-TERS should be noted that the
adaptive tip-enhanced signal intensity was generally increased 1.5 ∼ 2.5 × compared to TEPL
or TERS intensity (without wavefront shaping) for the most tips we used (see SI for details).
Note that, in our several control measurements, we find no significant improvement in spatial
resolution in adaptive tip-enhanced imaging.
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Figure 4: Symmetry-selective tip-enhanced Raman spectroscopy of BCB molecules. (a)
Measured far-field (black) and wavefront-shaped TERS (a-TERS, red circle) spectra for BCB
molecules with Voigt profile fit (red line). Distinct a-TERS spectra (φ1 and φ2) are observed
with near-field polarization-control. (b) Calculated vibrational spectra of a BCB molecule with
Raman-active (green) and IR-active (blue) normal modes. (c) Illustrations for the vibrational
modes of ∼583.5 cm−1 (top) and ∼620 cm−1 (bottom) peaks (vibrational mode of ∼606 cm−1
peak is similar to ∼620 cm−1 peak). Blue, red, gray, and white atoms indicate nitrogen, oxygen,
carbon, and hydrogen, respectively. Abbreviations used: stretching (ν), bending (δ), in-plane
(i-p), out-of-plane (o-o-p), and dipole derivative unit vector (dˆ). (d) Simulated in-plane (∇Ex)
and out-of-plane (∇Ez) optical field gradient distribution in the vicinity of Au tip with gradi-
ent amplitude profile at the horizontal plane 1 nm underneath the tip (black line). Hyperbolic
tangent function is used for normalized amplitude scale. (e) Illustration of the conformational
heterogeneity of molecules in the tip-substrate gap. (f) Time-series of a-TERS spectra with dy-
namic wavefront shaping, exhibiting spectral fluctuation due to the symmetry-selective TERS
response of heterogeneously oriented molecules. (g) Selected a-TERS spectra from the regions
indicated by the white dashed boxes in (f). Voigt profile fits (solid line) show apparent peak
shift of the in-plane stretching modes (∼583.5 cm−1 and ∼1665 cm−1).
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Symmetry-selective tip-enhanced Raman scattering of BCB molecules
To investigate more diverse spectroscopic responses with respect to the near-field polarization-
control, we then measure heterogeneously oriented BCB molecules with a-TERS. While Raman
scattering of the spin-coated molecules on Au film with a few monolayer coverages is not de-
tected with far-field measurement, strong Raman signals emerge from a-TERS measurement
with distinct spectral responses depending on the wavefront shaping condition, as shown in
Fig. 4a. With the optimized excitation wavefront φ1, we observe a-TERS spectrum similar to
normal TERS response, but with >2× enhanced scattering intensity. In contrast, we observe the
other strong a-TERS peak at ∼613 cm−1 with the manipulated wavefront φ2. For the identifica-
tion of the normal modes and symmetry properties of the observed a-TERS peaks, we calculate
Raman-active (green) and IR-active (blue) vibrational spectra of a BCB molecule, as shown
in Fig. 4b. The newly emerging peak at ∼613 cm−1 originates from out-of-plane C-C bends
(strong, IR-active) and O-C2 and N-C2 twists (weak, Raman-active), in contrast to the in-plane
stretching modes of ∼583.5 cm−1 (strong, Raman-active), as illustrated in Fig. 4c. Thus, the
distinct a-TERS spectra are attributed to the symmetry-selective phonon-plasmon coupling by
the near-field polarization-control. In addition, strong in-plane and out-of-plane near-field gra-
dient (Fig. 4d) coupled to molecular quadrupole-quadrupole interaction (36) makes possible for
IR-active modes to emerge in the visible spectral region (see SI for details). In contrast to the
previous studies observing randomly appearing IR-active modes in the static plasmonic cavi-
ties (37–39), our approach provides ‘dynamic controllability’ to turn IR-active modes on and off
through the systematic phase modulation with <20 ms temporal resolution (see SI for details).
Therefore, in addition to tip-enhanced nano-spectroscopy applications, our adaptive near-field
approach can be more broadly used to control light-matter interactions in various plasmonic
cavities (40–42).
From this a-TERS result, we can illustrate the inhomogeneous orientation of molecules
11
with localized optical fields and field gradient underneath the tip (Fig. 4e). The heterogeneity
of BCB molecules are also confirmed with spectral fluctuations in a-TERS sequence because
the varying near-field polarization during the feedback process allows for the selective excita-
tion of the inhomogeneous molecules. Fig. 4f shows a series of a-TERS spectra obtained in
a specific time segment during the procedure of stepwise sequence, i.e., with changing spatial
phase of the wavefront. As can be seen in Fig. 4f and g, in-plane stretching modes at ∼583.5
cm−1 and ∼1665 cm−1 show the most sensitive intensity fluctuation with TERS peak shift up
to ∼5.6 cm−1 due to the significant intermolecular coupling to the metal substrate depending on
the conformational states (43). In other words, the observed a-TERS peak shifts originate from
the different orientations of the selectively probing molecules because the near-field polariza-
tion at the tip apex can be changed during the wavefront shaping (see SI for more details). This
experiment demonstrates that probing conformational heterogeneity of a few molecules is fea-
sible even at room temperature with high sensitivity and specificity of a-TERS. The inverse can
also be done, with these results certifying the ability of dynamic control of the tip-SPP through
the wavefront shaping.
Conclusions
In conclusion, our approach of adaptive tip-enhanced nano-spectroscopy and -imaging provides
a versatile method to enhance field localization and control of the vector near-field of plas-
monic tips. By exploiting a computational algorithm to overcome the structural limitations of
tip-engineering by near-field shaping, adaptive nano-imaging provides a generalizable solution
for reliable field enhancement and more consistent data quality advancing from single-molecule
TERS (8, 10, 11) to single emitter tip-enhanced strong coupling (TESC) experiments (20, 21)
with fast modulation and control of the tip-SPP polarization. In addition, it will facilitate a
broader range of symmetry-selective and phase-resolved nano-spectroscopy and -imaging. Fur-
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ther, when this spatial coherence control is combined with ultrafast coherent control meth-
ods (44–47), it can greatly enhance optical sensitivity of ultrafast nano-spectroscopy, nonlinear
and coherent nano-imaging, and nano-optical crystallography.
Methods
FDTD simulations of optical field distribution. We used a commercial finite-difference time-
domain (FDTD) simulation software (Lumerical Solutions, Inc.) to characterize the optical field
distribution at the Au tip-Au film nano-gap. An Au tip with a 5 nm apex radius was placed in
close proximity (2 nm gap) to a 10 nm thick Au film. As a fundamental excitation source, a
monochromatic 633 nm light was used with a linear polarization in parallel with respect to the
tip axis. To characterize the local field enhancement with respect to the spatial phase difference,
25 optical sources were used with different phase delay ∆ϕ, as shown in Fig. 2a-d. In these
simulations, we designed the total field amplitude of 1 for 25 optical sources with the same
linear polarization with different phase delay ranging from 0 to pi/2 for Fig. 2a (middle) and
from 0 to pi for Fig. 2a (bottom). Wave-vector variation of incident wavefronts (∆θ), is another
important parameter to increase the field enhancement. In conventional TERS or TEPL set-up,
the focusing optics, e.g., objective lens or parabolic mirror, have a large degree of wave-vector
variation. To understand the effect of wave-vector to the local field enhancement, 25 optical
sources were used with different propagation direction (∆θ = 100◦) but the same phase delay
(∆ϕ = 0), as shown in Fig. 2e-g.
Sample preparation. An Au film was used as the sample substrate for the bottom-illumination
mode TEPL and TERS experiments. The gold film was deposited onto a coverslip with 10
nm thickness using a thermal evaporator. Note that, before the Au-deposition, the cleaning
of coverslips was done by ultrasonication with acetone, isopropanol, and ethanol for 15 min
each. To transfer the chemical vapor deposition (CVD)-grown WSe2 monolayers onto the flat
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Au film/coverslip, a wet transfer process was used. As a first step, poly(methyl methacrylate)
(PMMA) was spin-coated onto WSe2 monolayers grown on the SiO2 substrate. The PMMA
coated WSe2 monolayers were then separated from the SiO2 substrate using a hydrogen fluo-
ride solution, and carefully transferred onto the Au film/coverslip. The transferred crystals on
Au film was then rinsed in distilled water to remove residual etchant, and dried naturally for 6
hours to improve the adhesion. Lastly, the PMMA was removed using acetone. For molecular
TERS experiment, the brilliant cresyl blue (BCB) sample was prepared on the Au film/coverslip
by spin coating (3000 rpm for 15 s) from an ethanol solution with a few monolayer coverages.
The BCB sample was then covered by Al2O3 capping layer (0.5 nm thickness) using atomic
layer deposition (ALD) to suppress thermally activated processes of molecules at room temper-
ature, such as rotational and structural diffusions (9).
TEPL and TERS setup. We built a tip-enhanced nano-spectroscopy setup with the bottom-
illumination mode for measuring TEPL and TERS responses, as shown in Fig. 1a. A continuous
wave helium-neon laser (λ = 632.8 nm, ≤ 0.6 mW) was spatially filtered using a single mode
fiber (core diameter of ≤ 3.5 µm) and expanded to a 25 mm diameter beam to improve spatial
coherence. Using a combination of a half wave plate (λ/2) and a polarizing beam splitter (PBS),
only the horizontally polarized beam was sent to a phase-only SLM (LCSO-SLM, Hamamatsu).
The wavefront-shaped beam reflected from the active area of a SLM was imaged onto the back
aperture of an objective lens (0.8 NA, Olympus) in a 4f system, and focused into the junction
between the electrochemically etched Au tip and sample. To regulate the horizontal and verti-
cal position of the Au tip with 0.2 nm precision, a shear-force atomic force microscopy (AFM)
was used under ambient conditions. Tip-enhanced spectroscopic signals were collected using
the same objective lens and detected using a spectrometer (f = 328 mm, Kymera 328i, Andor)
with a thermoelectrically cooled charge-coupled device (CCD, DU420A, Andor), after passing
through an edge filter (633 nm cut-off). The spectrometer was calibrated using a mercury lamp,
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and the spectral resolutions were characterized with ∼1.6 nm for a 150 g/mm−1 grating (for
TEPL experiments) and ∼7 cm−1 for a 1200 g/mm−1 grating (for TERS experiments).
DFT calculations of vibrational modes. To obtain theoretical normal modes and their vi-
brational amplitude of the BCB molecule, density functional theory (DFT) calculations were
performed using a commercial Gaussian09 program. The ground-state geometry of the BCB
molecule was initially optimized at the Becke three-parameter Lee-Yang-Parr (B3LYP), and
the optimal vibrational frequency (ω) for the geometry was obtained with the basis set of 6-
311++G(d,p). The calculated Raman and IR spectra were plotted by taking the spectral resolu-
tion of the experiment (∼7 cm−1) into account, as shown in Fig. 4b.
Data availability. The data that support the plots within this paper and other findings of this
study are available from the corresponding author upon reasonable request.
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